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INTEGRATED CIRCUITS WITH REDUCED 
STANDBY POWER CONSUMPTION 

Background of the Invention 

This application relates to circuitry for 
integrated circuits such as programmable logic array 
integrated circuits ("programmable logic devices") , and 
more particularly, to circuitry that allows integrated 
circuits and systems using such circuits to minimize 
standby power consumption due to transistor leakage 
currents . 

Modern integrated circuits are often based on 
metal -oxide -semiconductor (MOS) technology. Such 
integrated circuits have numerous metal -oxide- 
semiconductor field-effect transistors (MOSFETs) . As 
fabrication techniques improve, it becomes possible to 
fabricate MOSFETS and other circuit components with 
smaller critical dimensions. For example, it becomes 
possible to fabricate MOSFETs with shorter gates. These 
shorter-gate MOSFETs can have improved performance 
characteristics with respect to longer MOSFETs. 



Excessive power supply voltages lead to large 
power requirements for the integrated circuit. The 
trend has therefore been to use lower and lower power 
supply voltages on successive generations of integrated 
5 circuits. Modern integrated circuits often have power 
supply voltages of only 1.0 or 1.2 Volts. 

With a power supply voltage this low, it 
becomes necessary to reduce the threshold voltage of 
certain transistors to a low level to maintain 
10 transistor performance at an acceptable level, 

particularly in speed-critical applications. However, 
low-threshold shorter-gate transistors can exhibit high 
levels of leakage current when turned off. As a result, 
the standby power consumption of integrated circuits 
15 with large numbers of low-threshold shorter-gate 
transistors may be much larger than desired. 

Previously-known techniques for addressing 
high standby power consumption have not been entirely 
satisfactory. For example, one approach that has been 

2 0 proposed involves shutting down the power supply voltage 

to large areas of the integrated circuit when those 
areas are not in use. While this approach may reduce 
standby power consumption, it may not always work. For 
example, certain integrated circuits such as 
25 programmable logic device integrated circuits have 

circuitry that is programmed by a user. Because the 
user can change the configuration of the logic on the 
device before the device is placed into service in a 
system, it is not generally known in advance which areas 

3 0 of the integrated circuit should be shut down by 

removing the power supply voltage. 



A better way to reduce integrated circuit 
standby power consumption is therefore needed. 

Summary of the Invention 
5 In accordance with the present invention, 

integrated circuits are provided that have improved 
standby power consumption properties. The integrated 
circuits may be used in data processing systems to 
reduce the overall power consumption of such systems. 

10 The integrated circuits may be digital 

integrated circuits such as programmable logic devices 
or other integrated circuits containing logic circuitry. 
Programmable logic devices may contain transistors such 
as MOS transistors. The transistors may be used to 

15 selectively connect various portions of the logic on the 
programmable logic device. For example, the transistors 
may function as pass transistors that connect relatively 
long conductors on the circuit (called interconnects) 
and may function as building block elements in 

2 0 programmable components such as multiplexers, look-up 
tables, logic arrays, etc. 

The transistors in the programmable logic 
devices and other integrated circuits have control gates 
that may be used to selectively control conduction 

25 between their source and drain terminals. When a logic 
high signal is applied to a given transistor's control 
gate, the transistor is turned on and the source becomes 
electrically connected to the drain. When turned on, 
signals (e.g., digital logic signals) may pass between 

30 the transistor's source and drain terminals. When a 
logic low signal is applied to the given transistor's 

3 



control gate, the transistor is turned off. This 
electrically isolates the source and drain terminals and 
prevents signals (e.g., digital logic signals) from 
passing between the source and drain terminals. 
5 In programmable logic devices and other 

integrated circuits, there are often numerous 
transistors (e.g., thousands of transistors or millions 
of transistors) . Some of these transistors are 
effectively always in an "on" condition due to their 

10 placement in the circuit. Other transistors are 

frequently turned off. In some circuit designs, about 
95% of the transistors may be turned off while about 5% 
of the transistors remain always on. 

The quiescent power consumption of a circuit 

15 when its transistors are turned off is referred to as 

its "standby" power consumption. In most systems it is 
desirable to reduce power consumption as much as 
possible. Reduced power consumption lowers heat 
production and thereby alleviates thermal management 

20 concerns. Reduced power consumption also extend battery 
life if a battery is being used and conserves energy. 
To reduce the power consumption of an integrated circuit 
effectively, it is generally necessary to address both 
the amount of power being consumed by the circuit when 

2 5 its circuitry is active and the amount of power being 
consumed by the circuit when its circuitry is in a 
standby condition. 

Power consumption by MOS transistors in their 
off state is driven by leakage current. If an 

30 integrated circuit has transistors with high leakage 
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currents in their off state, that integrated circuit 
will have a relatively high standby power. 

In accordance with the present invention, 
transistors may be turned off using a reverse-bias 
5 voltage (e.g., a negative voltage in an environment in 
which circuitry is generally driven using a positive 
power supply voltage and a ground voltage) . The 
reverse-bias voltage reduces the leakage current of the 
transistors to which it is applied below the leakage 
10 current level that would have been exhibited if those 
transistors had been turned off using a ground voltage 
(i.e., a ground voltage of 0 V) . Because the reverse- 
bias voltage turns off the transistors on the integrated 
circuit much more completely than would be the case if 
15 those transistors had been turned off using a ground 

voltage, this approach substantially reduces the standby 
power consumption of the integrated circuit. 

In integrated circuits such as programmable 
logic devices, programming data may be provided to 

2 0 control circuits such as programmable random-access 

memory cells or other suitable function control 
elements. The programming data may be used by this 
control circuitry to configure programmable transistors 
on the integrated circuit. In one suitable arrangement, 
25 each control circuit (e.g., each programmable random- 
access memory cell) may be used to store either a "1" 
bit or a "0" bit. The output of each control circuit is 
applied to the control gate of a respective programmable 
transistor. 

3 0 The value of the programming data stored by 

each control circuit determines the voltage of the 



output signal provided by that control circuit. For 
example, when a control circuit is provided with 
programming data that directs that control circuit to 
produce a high output, the control circuit may produce a 
5 voltage at its output that is equal to a power supply 

voltage. This signal may be applied to the control gate 
of the associated transistor to turn that transistor on. 
In order to reduce leakage current (and thereby reduce 
the standby power consumption of the integrated circuit 

10 containing the transistor) , the control circuit may 

provide a reverse -bias voltage at its output when the 
control circuit is provided with programming data that 
directs that control circuit to produce a low output. 
The reverse-bias voltage that is produced by the control 

15 circuit (e.g., by the configuration random-access memory 
cell) turns off its associated transistor more 
completely than would a ground voltage (e.g., 0 V) . 

If desired, the control circuitry on the 
integrated circuit that is used to control the 

2 0 programmable transistors may be used to apply the 

reverse-bias control voltage particularly (or only) to 
those transistors with low- threshold voltages and/or 
with short gate lengths (e.g., gate lengths of 90 nm or 
less) . As an example, an integrated circuit may have 

2 5 some transistors that have relatively high threshold 
voltages (e.g., 0.4 volts), other transistors with 
moderate threshold voltages (e.g., 0.3 volts), and still 
other transistors with relatively lower threshold 
voltages (e.g., 0.2 volts). If desired, some or all of 

30 the higher-threshold-voltage transistors (e.g., some or 
all of the 0.4 volt threshold transistors and some or 



all of the 0.3 volt threshold transistors) may be turned 
off using a ground voltage (e.g., 0 V), whereas the 
control circuitry may use the reverse-bias voltage to 
turn off some or all of the lower- threshold-voltage 
5 transistors (e.g., those with 0.1 volt thresholds). 

With this arrangement, the use of the reverse-bias turn- 
off signal is applied where it is most effective -- the 
low- threshold-voltage transistors . 

The transistors that are turned off using the 

10 reverse-bias threshold voltage may be pass transistors 
that connect interconnects on the integrated circuit, 
may be transistors in programmable components such as 
multiplexers (and demultiplexers) , may be transistors in 
programmable logic array circuits, may be transistors in 

15 programmable look-up- table logic, or may be any other 
suitable transistors on a programmable logic device or 
other integrated circuit. 

The control circuitry used to turn the 
transistors on and off may be based on configuration 

20 random-access memory cells. Each configuration random- 
access memory cell may use a pair of cross-coupled 
inverters to store a bit of associated programming data. 
The stored bit may direct the configuration random- 
access memory cell to produce either a power supply 

25 voltage or a reverse-bias voltage at the output of the 
configuration random-access memory cell. If desired, 
some configuration random-access memory cells (e.g., 
those used to control higher- threshold-voltage 
transistors on the same integrated circuit) may be used 

3 0 to produce either a power supply voltage or a ground 
voltage at their outputs. 



The configuration random-access memory cells 
may contain transistors such as transistors in the 
cross-coupled inverters, address-line transistors, and 
clear-line transistors. Some or all of these 
5 configuration random-access memory cell transistors 

(e.g., particularly those with lower threshold voltages 
or those potentially exposed to greater source-drain 
voltages such as the clear transistors in some designs) 
may be turned off using control circuitry that 
10 selectively provides a reverse-bias- turn-off voltage to 
the control gates of these transistors. 

Further features of the invention, its nature 
and various advantages will be more apparent from the 
accompanying drawings and the following detailed 
15 description of the preferred embodiments. 

Brief Description of the Drawings 

FIG. 1 is a diagram of an illustrative 
integrated circuit having circuitry that reduces standby 

2 0 power consumption in accordance with the present 

invention . 

FIG. 2 is a diagram of an illustrative 
programmable logic device integrated circuit having 
circuitry that reduces standby power consumption in 
25 accordance with the present invention. 

FIG. 3 is a diagram of an illustrative 
programmable logic device showing some of the 
programmable components that may be provided on such a 
device in accordance with the present invention. 

3 0 FIG. 4 is a diagram showing how a control 

circuit such as a configuration random- access -memory 

8 



cell may be used to control a transistor on a 
programmable logic device in accordance with the present 
invention. 

FIG. 5 is a graph of minimum and maximum 
5 calculated transistor drain currents versus applied gate 
voltage in accordance with the present invention. 

FIG. 6 is a diagram of an illustrative 
configuration random- access -memory cell and 
corresponding transistor controlled by the output of the 
10 cell in accordance with the present invention. 

FIG. 7 is a diagram of an illustrative system 
that includes one or more integrated circuits having 
circuitry for reducing standby power consumption in 
accordance with the present invention. 

15 

Detailed Description of the Preferred Embodiments 

An illustrative integrated circuit 20 having 
circuitry for reducing the integrated circuit 1 s standby 
power consumption in accordance with the present 

2 0 invention is shown in FIG. 1. For clarity, the 

following discussion will focus on integrated circuits 
20 based on metal -oxide -semiconductor field-effect- 
transistor (MOSFET) technology. This is, however, 
merely illustrative. For example, integrated circuit 20 

2 5 may have bipolar transistors or may be based on a 
different materials system (e.g., SiGe or GaAs) . 
Moreover, the components of integrated circuit 20 may be 
spread across one or more separate semiconductor die, 
but are described in the context of a single integrated 

30 circuit for clarity. 
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Integrated circuit 2 0 may be provided with 
power through a number of power supply pins or other 
suitable electrical connections (e.g., solder balls in a 
flip-chip ball -grid-array packaging arrangement) . In 
5 the example of FIG. 1, power is provided to circuit 2 0 
through power supply pins such as pins 22 and 24. With 
one suitable arrangement, circuit 2 0 receives power at a 
ground voltage Vss and a power supply voltage of Vcc . 
In one illustrative arrangement, Vss is 0 volts and Vcc 

10 is 1.2 volts. This illustrative arrangement will be 

assumed during the following discussion for the sake of 
clarity. This arrangement is, however, merely 
illustrative. Any suitable voltage levels and 
polarities may be used in connection with the present 

15 invention if desired. 

Integrated circuit 20 may be an 
analog integrated circuit, a digital integrated circuit, 
or a circuit that includes both analog and digital 
circuitry. For purposes of illustration, the present 

20 invention will be described primarily in the context of 
integrated circuits having at least some digital 
circuitry 26 (and in particular some logic circuitry) . 
This is, however, merely illustrative. Any suitable 
circuitry may be provided on integrated circuit 2 0 if 

25 desired. 

The circuitry of integrated circuit 30 (e.g., 
the digital circuits on circuit 30) typically include a 
number of transistors such as transistor 32. These 
transistors may have a source 36 at a first terminal, a 
30 drain 38 at a second terminal, and a controlling gate 
electrode 34 at a third terminal . Some of the other 



circuitry on integrated circuit 20 (called gate control 
circuitry 30 in FIG. 1 and called control circuitry or 
control circuits elsewhere) may be used to control 
transistors such as transistor 32. The gates of many 
5 transistors on circuit 20 are either supplied with a 
high voltage (e.g., a logic high level) such as Vcc 
(e.g., 1.2 volts) or a low voltage (e.g., a logic low 
level) such as Vss (e.g., 0 volts) . 

When a high signal is applied to a given 

10 transistor, an inversion layer is formed beneath gate 34 
which turns the transistor on. This allows signals to 
pass through the transistor. When a low signals is 
applied to transistor 32, the transistor is turned off. 
Thus, many of the transistors on circuit 2 0 act as 

15 switches, which either block signals or let signals pass 
between their source and drain terminals, depending on 
the state of the control signal applied to their gate 
control terminals 34. 

The power consumption of the transistors on 

20 circuit 20 falls substantially when the transistors are 
turned "OFF." However, there is a non-negligible amount 
of power dissipation associated with each transistor, 
even when it is turned off. This off -state power 
dissipation is referred to as "standby" power 

25 dissipation. Because there may be thousands or millions 
of transistors on a given circuit, the standby power 
dissipation of most integrated circuits can be 
substantial . 

Non-negligible power dissipation during 

30 standby conditions arises from the leakage current 

associated with the transistors when turned off. To 



reduce the standby power consumption of circuit 20, some 
or all of the transistors that are turned off may be 
provided with a "reverse bias" control voltage Vss 1 
rather than simply applying a control voltage of Vss. 
5 The voltage Vss' may (in this example) be less 

than 0 volts (i.e., Vss' may be negative when the 
polarity of the power supply voltage is positive) . For 
example, Vss 1 may be -0.2 V. The reverse-bias control 
voltage Vss' turns off the transistors more completely 

10 than the control voltage Vss, thereby reducing their 
leakage current. By using control circuitry such as 
gate control circuitry 3 0 to apply the reverse bias 
control voltage Vss 1 to many of the transistors on 
circuit 2 0 when those transistors are to be turned off, 

15 the standby power consumption of circuit 2 0 (and 

therefore its overall power requirements) can be reduced 
substantially. The power consumption of the system in 
which circuit 20 is operated is also reduced. 

The voltage Vss 1 may be provided to circuit 20 

20 using a pin or electrical connector such as pin 25 or 
may be generated using circuitry on circuit 20. For 
example, charge pump circuitry 2 8 may be provided on 
circuit 20 that provides the voltage Vss' to gate 
control circuitry 30, as shown in FIG. 1. 

2 5 The charge pump circuitry 2 8 may include one 

or more charge pump circuits that produce a negative 
voltage Vss' from ground (Vss) and a positive power 
supply voltage (Vcc) . The charge pump circuits and 
other circuitry of circuit 2 0 may be provided in one or 

30 more specific locations or may be distributed throughout 
circuit 20. If desired, control signals and power 



supply voltages may be distributed using conductors 
(lines) that are distributed throughout circuit 20. For 
example, one or more charge pump circuits near the 
periphery of circuit 2 0 may be used to generate signals 
5 at the voltage level Vss ' that are distributed 

throughout the circuit 2 0 by power supply conductors for 
use by gate control circuitry 3 0 in controlling 
transistors such as transistor 32 . 

The transistors on circuit 2 0 may be 

10 fabricated so that they have different threshold 
voltages. For example, some transistors may be 
configured to have relatively higher threshold voltages 
(e.g., 0.4 volts), others may be configured to have 
moderate threshold voltages (e.g., 0.3 volts), and still 

15 others may be configured to have relatively lower 

threshold voltages (e.g., 0.2 volts). The decision as 
to which transistors to provide with which threshold 
voltages depends on the intended use of the transistor 
and its circuit environment. 

20 Transistors with higher threshold voltages 

exhibit lower levels of standby leakage current than 
transistors with lower threshold voltages for a given 
off voltage. Accordingly, non-critical transistors 
(e.g., transistors that are not in a high-speed data 

25 path) may be provided with high threshold voltages to 

help reduce standby power consumption. Transistors with 
lower threshold voltages are often preferred in speed- 
critical applications to ensure high-levels of 
performance. For example, the pass transistors that are 

30 used to selectively join various high-speed data lines 



and other interconnects are preferably provided with low 
threshold voltages. 

The use of the reverse bias voltage Vss 1 to 
turn off the transistors of circuit 20 reduces leakage 
5 current the most for low- threshold transistors, reduces 
leakage somewhat for medium- threshold transistors, and 
reduces leakage to a lesser extent for high- threshold 
transistors. As a result, it may be particularly 
advantageous to use the reverse bias voltage Vss ' to 

10 turn off the transistors with the low (or even medium) 

thresholds. Using the reverse bias voltage Vss' to turn 
off these transistors has the greatest impact in 
reducing the standby power consumption (on a per- 
transistor basis) . Because there is overhead associated 

15 with providing charge pump circuitry 28 and gate control 
circuitry 30 to allow transistors 34 to be turned off 
with reverse bias signal Vss 1 , it may be desirable to 
turn off some of the transistors (e.g., some or all of 
the high-voltage-threshold transistors) using Vss and to 

20 turn off other transistors (e.g., some or all of the 
low-voltage-threshold transistors) using Vss'. 

Circuit 20 may be a programmable logic device. 
Programmable logic devices are integrated circuit 
devices in which logic can be customized by a user 

25 before the programmable logic device is used in 

operation in a system. The customized device may be 
used to perform customized logic functions. 

A user can customize a programmable logic 
device using equipment called a "programmer 11 to supply 

30 configuration information (called "programming data") to 
configurable components on the device. Once the 



programmable logic device has been properly configured, 
it can be used in a system (e.g., by mounting it on a 
circuit board as with other integrated circuits) . Some 
programmable logic devices may be reconfigured after 
5 being installed in a system (e.g., they may be in-system 
reprogrammable) . 

Programmable logic devices may be based on 
various different types of programmable logic components 
and technologies, such as those based on fuses, 

10 antifuses, programmable-erasable-read-only memories 

(PROMS) , erasable PROMS (EPROMS) , electrically-erasable 
PROMS (EEPROMS) , flash memory, random- access -memory 
(RAM) devices (e.g., configuration RAM cells), etc. 
Some of these programmable components may be used to 

15 control transistors such as transistor 32 of FIG. 1 

(i.e., some of these programmable components may perform 
the functions of gate control logic 3 0) . Other 
programmable components may take the place of 
transistors such as transistor 32 . 

20 For clarity, the present discussion of ways to 

reduce standby power consumption in programmable logic 
devices focuses primarily on arrangements in which 
MOSFETs are controlled by gate control logic 30 that is 
based on configuration RAM cells (shown in the drawings 

25 by a circle around the letter "R") . This type of 

arrangement is merely illustrative. For example, some 
or all of the gate control circuitry 30 can be provided 
using other types of configurable devices (e.g., those 
based on fuses, antifuses, programmable - erasabl e - read- 

30 only memories (PROMS) , erasable PROMS (EPROMS) , 

electrically-erasable PROMS (EEPROMS) , flash memory, 



etc.). Nevertheless, the present discussion focuses on 
the use of RAM cells for clarity. 

An illustrative programmable logic device 
arrangement that may be used for integrated circuit 2 0 
5 of FIG. 1 when integrated circuit 2 0 is a programmable 
logic device (or contains programmable logic circuitry) 
is shown in FIG. 2. Programmable logic device 10 of 
FIG. 2 has number of rows and columns of regions 12 of 
programmable logic. Regions 12 may be disposed on 

10 device 10 in a two-dimensional array of, for example, 5- 
300 rows and 5-300 columns of regions 12 or any other 
suitably- si zed array. 

The logic in regions 12 of device 10 may be 
interconnected using interconnection resources such as 

15 vertical and horizontal conductors 14. Such conductors 
may, for example, include relatively large inter-region 
conductors that extend past all or some of the logic 
regions 12 in a row or column. There may be any 
suitable number of conductors 14. For example, there 

2 0 may be about 10-3 0 conductors 14 in each row and each 

column of regions 12 . Programmable logic may be used to 
selectively connect all or a subset of the conductors 14 
in each row or column to the associated logic regions 12 
in that column. If desired, programmable logic may also 

25 be used to directly interconnect the vertical and 

horizontal conductors 14. The conductors 14 may be 
continuous or segmented and, if segmented, may be 
programmably connected to serve as continuous 
conductors . 

30 Input -output circuitry 16 may be used to 

interconnect the logic of device 10 to external 



components (e.g., through I/O pads connected to pins in 
a package) . Additional circuitry may also be used such 
as circuitry for programming and testing device 10. To 
avoid over-complicating the drawing, details of the 
5 programmable logic interconnections and programming and 
testing circuitry of device 10 are not shown in FIG. 2. 
Moreover, the arrangement of FIG. 2 is merely 
illustrative. Any suitable programmable logic device 
architecture may be used for device 10 if desired. 

10 As shown in FIG. 2, programmable logic device 

10 may include charge pump circuitry 28. Charge pump 
circuitry 2 8 may be used to produce a reverse bias 
voltage Vss ' from a ground voltage Vss (e.g., 0 volts) 
and a positive power supply voltage Vcc (e.g., 1.2 

15 volts) . The voltage Vss' may also be produced from 

other voltage sources or may be provided from a source 
external to device 10 (e.g., through a Vss 1 supply pin). 
Device 10 may have gate control circuitry 3 0 for 
controlling transistors 32 in the digital logic 

20 circuitry of I/O circuitry 16, connectors 14, and logic 
regions 12 . 

Programmable logic device 10 may be shipped to 
a customer ("user") in a substantially unprogrammed 
condition. The customer may use equipment (referred to 

25 as a device "programmer") to program or configure the 
device 10 so that device 10 performs a desired custom 
logic function and so that the input-output circuitry 16 
provides desired I/O functionality. Sometimes two or 
more conductors must be selectively connected to a third 

30 conductor. This type of function may be performed using 
transistors such as transistor 32 of FIG. 1. The gate 



control circuitry 30 for controlling such transistors 32 
may be based on a random- access memory cell that has 
been provided with suitable programming data (also 
sometimes called configuration data) from the 
5 programmer. As shown in FIG. 3, the programming data 
may be provided to device 10 using a programming data 
input 40. If desired, input 40 may be used for other 
functions after the programming data has been received. 

The random-access memory cells 42 (sometimes 

10 also called configuration RAM, configuration cells, 

configuration RAM cells, or function control elements) 
may be configured by loading the programming data using 
any suitable arrangement. For example, the 
configuration cells may be linked together with 

15 connectors to form one or more chains of configuration 
cells. The cells in the chains may then be configured 
by serially loading programming data into the cells from 
the periphery of device 10. The programming data 
consists of binary l's and 0's that, once loaded into 

20 the configuration cells, direct the cells to provide 

either a logic high (e.g., a "1") or a logic low (e.g., 
a "0") at their outputs. The cell outputs may then be 
used to control (and thereby customize) the logic 
components on device 10. 

2 5 The logic components that are customized by 

the configuration RAM 42 contain the transistors 32 that 
are turned on or off depending on the control signal 
output provided by an associated configuration RAM cell 
42. In the arrangement of FIG. 3, some transistors 32 

3 0 are shown as being individually disposed between 

interconnection lines 14. When transistors 32 are used 



in this type of context they may be referred to as "pass 
transistors." Transistors 32 may also be used to form 
the internal components in multiplexers 44 and other 
programmable logic 46. When used in a multiplexer 44, 
5 the transistors may be selectively turned on or off to 
configure the multiplexer, thereby allowing certain 
multiplexer input signals to be provided as multiplexer 
output signals. 

Any suitable architecture may be used for 

10 programmable logic device 10. In the illustrative 

arrangement shown in FIG. 3, some of the programmable 
logic is arranged in programmable logic regions 4 8 that 
may be referred to as "logic array blocks." Such 
regions 4 8 may include smaller logic regions that may be 

15 referred to as "logic elements." Each logic element may 
have a number of outputs and a number of inputs. The 
input and output signals associated with the logic 
elements may be routed within the logic array blocks 
using intra -region conductors and may be routed between 

20 logic array blocks using inter-region conductors. 

Registers such as register 52 may be used to register 
some or all of the input and output signals from the 
logic elements. 

Some of the conductors 14 shown in the example 

25 of FIG. 4 are interconnected by transistors 32. 

Conductors 14 may also be connected in this way using 
transistors 32 in multiplexers 44 and other programmable 
logic 46. In certain circuit locations (e.g., when 
transistors are used as pass transistors to interconnect 

3 0 conductors 14 such as those shown in FIG. 3 and thereby 
selectively electrically connect one logic region 48 to 



another) , the performance of transistors 32 is 
particularly important. Accordingly, it is often 
necessary for these transistors to have low thresholds 
(particularly when the supply voltage Vcc that is being 
5 used is relatively small) . To prevent these transistors 
from contributing an undesirable amounts of leakage 
current and thereby increase the standby power 
consumption of device 10 (particularly when these 
transistors have shorter gates) , all or at least some of 

10 the configuration RAM cells 42 may be used to turn these 
transistors off using Vss 1 , rather than Vss. (Vcc may 
still be used to turn the transistors on.) 

As shown in FIG. 4, configuration RAM cell 42 
(or another suitable function control element) may be 

15 provided with voltage signals Vcc and Vss. The voltage 
Vcc may be provided at one or more inputs such as input 
54. The voltage Vss' may be provided at one or more 
inputs such as input 56. Configuration data may be 
supplied to configuration RAM cells such as 

2 0 configuration RAM cell 42 of FIG. 4 using one or more 
inputs such as programming data input 58. When 
configuration RAM cells 42 are linked together to form a 
configuration RAM chain, the input 58 of each cell may 
be connected to the output of the previous cell in the 

2 5 chain. 

Depending on the configuration data bit loaded 
into a given configuration RAM cell, that RAM cell may 
provide either a control voltage of Vcc or a control 
voltage of Vss 1 at its output 60. When the voltage Vcc 
30 is supplied at output 60, the gate 34 of the associated 
transistor 32 is taken high, which turns on transistor 



32 and allows signals to pass from the output 62 of a 
first region of logic (logic circuitry 64) to the input 
66 of a second region of logic (logic circuitry 68) . 
Logic circuitry 64 and logic circuitry 68 may include 
5 any of the logic circuitry of programmable logic device 
10 . 

When the voltage Vss ' is supplied by 
configuration RAM cell 42 at output 60, the gate 34 of 
corresponding transistor 32 is provided with a reverse 

10 bias signal (e.g., -0.2 volts). The reverse bias 

control signal Vss 1 acts as a logic low that turns off 
the transistor 32 significantly more than a logic low 
formed using a ground potential of Vss (0 volts) , 
thereby reducing the leakage current of transistor 32. 

15 By using this arrangement to turn off many or most of 
the programmable transistors on device 10, substantial 
reductions in the standby power of device 10 can be 
achieved. 

The amount of leakage current reduction that 
20 may be produced by using Vss' rather than Vss to turn 

off transistors 32 may be quantified using the graph of 
FIG. 5. Two source-drain current (I D ) versus gate 
voltage (V G ) curves have been plotted in the graph of 
FIG. 5. The upper curve 70 represents the source-drain 

2 5 current through transistor 32 when the voltage at output 

62 of FIG. 4 is high (e.g., 1.2 volts) while the voltage 
at input 66 of FIG. 4 is low, whereas the lower curve 72 
represents the source -drain current when the voltages at 
output 62 and input 66 are both low. During normal 

3 0 operation, high-frequency digital data is generally 

passing between output 62 and input 6 6 (when not being 



prevented from passing by turning transistor 32 off) . 
Accordingly, typical values of I D during operation will 
fall between the maximum given by curve 7 0 and the 
minimum given by curve 72 . 
5 As shown in FIG. 5, when transistor 32 is 

turned on (e.g., when the bias voltage provided by 
configuration RAM cell 42 to gate 34 is 1.2 V), the 
transistor 32 may conduct a current of about 10" 4 A 
(e.g., a current having a magnitude between the lower 

10 and upper bounds represented by points 74 and 76) . (The 
actual current values shown in the graph of FIG. 5 are 
merely illustrative. Transistors of different sizes and 
corresponding currents may be used if desired.) 

When transistor 32 is turned off using the 

15 gate voltage V G of Vss, I D is lowered to a current 

having a magnitude between the lower and upper bounds 
represented by points 78 and 80. This off -state current 
is about 10~ 7 A, which is substantially lower than the 
on-state current of 10" 4 A, but is still high enough to 

2 0 make a non-negligible contribution to the standby power 
consumption of circuit 20 (e.g., to the programmable 
logic device 10) . 

Because the transistor 32 is turned off when 
the applied gate voltage V G is equal to Vss, the current 

25 I D under these conditions is referred to as a "leakage 
current." To reduce the leakage current of transistor 
32 and to thereby reduce the standby power consumption 
of integrated circuit 20 (FIG. 1) , the transistor 32 may 
be turned off using a negative or reverse-bias gate 

30 voltage of Vss 1 (-0.2 volts in the present example). 
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When transistor 32 is turned off using the 
voltage Vss 1 , I D will be reduced to an even lower 
current I D . As shown in the graph of FIG. 5, for 
example, I D under these conditions has a magnitude 
5 between the lower and upper bounds represented by points 
82 and 84. This reduced off -state current is about 10" 9 
A, which is substantially lower (about two orders of 
magnitude lower) than the off-state current of 10" 7 A 
that is obtained when transistor 32 is turned off using 

10 a gate voltage V G of Vss (0 volts in the present 
example) . Because leakage current is reduced 
significantly by using Vss 1 rather than Vss to turn of 
transistor 32, applying Vss 1 to the transistors on a 
programmable logic device 10 or other integrated circuit 

15 20 helps to reduce the standby power dissipation of that 
circuit . 

Any suitable configuration RAM cell circuit 
arrangement may be used to provide the voltage Vss 1 to 
transistors such as transistor 32 . An illustrative 

2 0 circuit arrangement for a configuration RAM cell 42 is 

shown in FIG. 6. As shown in FIG. 6, at least part of 
the electrical pathway between one region of logic 64 on 
programmable logic device 10 and another region of logic 
66 on the device 10 may be made up of non-negligible 
25 lengths of interconnect 12. 

In general, transistors such as transistor 32 
may be used to couple together any circuitry or logic 
components on device 10. Nevertheless, the performance 
of transistor 32 is particularly important in speed 

3 0 critical situations in which high-speed data is being 

conveyed from one logic region to another over 



interconnect lines such as lines 12 of FIG. 6. In these 
situations, transistor 32 serves as a "pass transistor" 
and is generally provided with a low threshold voltage 
to ensure good performance, particularly when its gate 
5 length is short (e.g., 90 nm or less). 

Lower voltage thresholds may improve pass 
transistor speed performance by 20% or more. Because 
leakage current values tend to be larger in low- 
threshold-voltage transistors than in high- threshold- 

10 voltage transistors, the use of configuration RAM cell 

42 to turn off pass transistor 32 of FIG. 6 using a gate 
voltage V G of Vss may be particularly beneficial. 
Moreover, because it is generally not known in detail 
how a particular programmable logic device 10 will be 

15 configured by a user, the ability to reduce leakage 
current on a transistor-by- transistor basis as is 
possible when using RAM-cell -based reverse-bias leakage 
reduction scheme can be important. 

With the illustrative configuration RAM cell 

2 0 arrangement of FIG. 6, programming data is supplied to 
cross-coupled inverters 86 and 88 from data line 90. 
Address line 92 is used to turn on and off transistor 
94, to selectively provide the programming data to the 
storage latch made up of inverters 86 and 88. As shown 

25 in the drawing of FIG. 6, inverters 86 and 88 do not 
have the same strength, which prevents contention 
between these two components and ensures that the latch 
formed by inverters 86 and 88 may be placed into a 
stable state when a configuration data bit is loaded 

30 from data line 90. 
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Various data and address line arrangements may 
be used to provide data to configuration RAM cells such 
as cell 42 of FIG. 6. With one suitable approach, data 
lines such as data line 90 may be used to provide a path 
5 for programming data that is coupled to multiple 

configuration RAM cells. Address lines are used to 
selectively direct the programming data to the correct 
RAM cells. With another suitable approach, 
configuration cells may be linked together to form a 

10 chain (e.g., a chain or configuration registers). With 
this type of chain configuration, data for each of the 
cells in the chain may be "clocked" into the chain from 
an input at one of the chain's ends. 

A clear line such as clear line 96 may be used 

15 to control the gate 98 of cell clear transistor 100. 

Transistor 100 may be provided with a medium threshold 
voltage (or a high or low threshold voltage) . The 
reverse bias voltage Vss 1 may be supplied at the source 
terminal 102 of clear transistor 100. When clear line 

20 96 is taken high, the voltage signal Vss' is applied to 
node 104, which clears the contents of the latch formed 
by inverters 86 and 88 (i.e., node 104 is taken low and 
transistor 32 is turned off with voltage Vss'). 

As shown by power supply input lines 106 and 

25 108, the circuitry of inverters 86 and 88 may be powered 
using positive power supply voltage Vcc and using the 
reverse-bias voltage Vss' in place of ground voltage 
Vss. This arrangement allows the output of inverter 86 
and therefore the output 110 of cell 42 to be driven at 

3 0 either Vcc or Vss', depending on the value of the 

configuration data bit that is provided to cell 42 using 



data and address lines 90 and 92 and stored in inverters 
86 and 88. The output 110 of cell 42 can be programmed 
to be Vcc when it is desired to turn on transistor 32. 
The output 110 of cell 42 can be programmed to be Vss 1 
5 to turn off transistor 32 with a reverse bias and 
therefore produce a low leakage current I D . 

Cell 42 may be used to apply reverse-bias 
voltage Vss 1 to a pass transistor such as pass 
transistor 32 of FIG. 6 or any other suitable transistor 

10 on programmable logic device 10 or other integrated 

circuit 20. If desired, the voltage Vss" may be used to 
turn off transistors such as the configuration RAM 
transistors 100 and 94, thereby reducing their leakage 
current and further reducing the standby power 

15 consumption of the device. To control configuration RAM 
transistors such as transistors 100 and 94 using Vss 1 , 
the address line and clear line control circuitry that 
is used to turn on and off transistors 100 and 94 may be 
provided with power supply voltages of Vcc and Vss* 

20 (using lines like lines 106 and 108) . 

In some integrated circuits 20, it may be 
desired to use Vss 1 in place of Vss only for the lowest 
voltage threshold transistors and the transistors in the 
most critical speed paths. This approach will tend to 

2 5 minimize the amount of on-circuit charge pump circuitry 
28 that is provided on the chip (or the number of Vss' 
distribution lines if Vss 1 is provided using an external 
source) . In other integrated circuits 20, Vss 1 may be 
used in place of Vss extensively, in low- threshold- 

30 voltage, medium- threshold-voltage , and high- threshold 
voltage situations and in situations having both low- 



performance requirements and high-performance 
requirements. If desired, Vss ' may be used for all (or 
substantially all) transistors that are turned on and 
off in an essentially static fashion (e.g., all 
5 configurable transistors) . These are merely 

illustrative arrangements with which the reverse bias 
voltage Vss* may be used to reduce the standby power of 
device 20. Any other suitable arrangements may be used 
if desired. 

10 The reduction in standby power consumption 

that is produced using Vss' to turn off transistors in 
circuit 2 0 helps to reduce the standby power consumption 
of systems in which system 20 is used. An illustrative 
data processing system 1002 in which an integrated 

15 circuit 2 0 with reduced standby power consumption such 
as a programmable logic device 10 with reduced standby 
power consumption may be used is shown in FIG. 7. Data 
processing system 1002 may include one or more of the 
following components: a processor 1004, memory 1006, I/O 

20 circuitry 1008, and peripheral devices 1010. These 

components may be coupled together by a system bus 102 0 
and may be populated on a circuit board 1030 which is 
contained in an end-user system 1040. 

System 1002 can be used in a wide variety of 

25 applications, such as computer networking, data 

networking, instrumentation, video processing, digital 
signal processing, or any other application where the 
advantage of using programmable or reprogrammable logic 
is desirable. Programmable logic device 10 (or other 

30 circuit 20) can be used to perform a variety of 

different logic functions. For example, programmable 



logic device 10 can be configured as a processor or 
controller that works in cooperation with processor 
1004. Programmable logic device 10 may also be used as 
an arbiter for arbitrating access to a shared resource 
5 in system 1002. In yet another example, programmable 
logic device 10 can be configured as an interface 
between processor 1004 and one of the other components 
in system 1002. It should be noted that system 1002 is 
only exemplary. 

10 Various technologies can be used to implement 

programmable logic devices 10 and other integrated 
circuits 2 0 that have the standby power reduction 
capabilities of the present invention. The components 
of the devices such as transistors 32 and the control 

15 circuitry for turning on and off such transistors may 
have various configurations. For example, the 
transistors 32 may be used in programmable components 
such as the multiplexers 44 and other programmable logic 
46 and the control circuitry that controls these 

2 0 transistors may be based on programmable RAM cells 42 or 

other function control elements that control transistors 
32 . Each programmable component can be a relatively 
simple programmable connector such as a switch or a 
plurality of switches for connecting any one of several 
25 inputs to an output. Alternatively, each programmable 
component can be a somewhat more complex element which 
is capable of performing logic (e.g., by logically 
combining several of its inputs) as well as making a 
connection. In the latter case, for example, each 

3 0 programmable component can be product term logic, 

implementing functions such as AND, NAND, OR, or NOR. 



Examples of transistor types suitable for implementing 
programmable components are EPROMs, EEPROMs, pass 
transistors, transmission gates, etc. These transistors 
can be turned off using reverse-bias voltage Vss 1 , which 
5 reduces standby power consumption. 

As has been mentioned, one or more of the 
transistors in the programmable components of device 10 
can be controlled by various programmable, function 
control elements such as programmable RAM cells 42. 

10 Functions control elements such as these can be 

implemented in any of several different ways. For 
example, function control elements can be based on 
SRAMs, DRAMs, first-in first-out ("FIFO") memories, 
EPROMs, EEPROMs, registers, ferro-electric memories, 

15 fuses, antifuses, or the like. From the various 

examples mentioned above it will be seen that this 
invention is applicable to both one- time-only 
programmable and reprogrammable devices 10 as well as 
other integrated circuits 20 that contain transistors 

20 32 . 

If desired, the numbers of the various types 
of resources on circuit 2 0 can be different from the 
numbers present in the depicted and described 
illustrative embodiments. This applies to such 

2 5 parameters as the numbers of rows and columns of the 

various types of circuitry, the number of regions 12, 
the numbers of the various types of interconnection 
conductors, the number and types of I/O drivers, and the 
numbers and sizes of the configuration RAM cells or 

3 0 other function control elements used to control the 

circuitry. The logic used in programmable logic device 



10 to perform various programmable logic functions may 
be look-up table logic. It will be understood that 
other types of logic may sometimes be used instead if 
desired. For example, sum-of -products logic may 
5 sometimes be used instead of look-up table logic. 

Although illustrated herein in the context of a certain 
programmable logic device architectures, it will be 
understood that various aspects of the invention are 
equally applicable to other programmable logic devices 
10 and integrated circuits as well. 

The foregoing is merely illustrative of the 
principles of this invention and various modifications 
can be made by those skilled in the art without 
departing from the scope and spirit of the invention. 
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